We demonstrate a hybridly mode-locked erbium-doped fiber laser. It combines saturable absorption and nonlinear polarization evolution to produce stable and purified femtosecond pulses with a high repetition rate of 212 MHz. The average output power is larger than 65 mW, and the single-pulse energy is 0.31 nJ at a pump power of 750 mW. A wide spectrum with FWHM of 61.4 nm is obtained. The dechirped pulse duration is 41.9 fs, which is near the transform-limited range. [13] , is a common method to generate a broad spectrum and therefore ultrashort pulses due to the large modulation depth and essentially instantaneous response. NPE mode-locked lasers are relatively unstable due to polarization drift caused by environmental disturbance. The NOLM and its variants are unable to obtain high fundamental repetition rates. In comparison, a slow saturable absorber such as saturable Bragg reflector [14] can easily achieve self-starting, and thus mode-locking is thereby stable. However, inevitable pulse shaping caused by slow saturable absorbers limits the pulse duration to an order of picosecond and the spectral bandwidth to a few nanometers. In recent years, the novel saturable absorber materials, such as carbon-nanotube [15] and graphene [16] , which have both fast and slow saturable absorption properties, were widely adopted in mode-locked fiber lasers while the spectral bandwidths were still constrained to a few nanometers. To alleviate this problem, simultaneous application of two mode-locking techniques in one hybrid laser cavity has been developed, which demonstrate the advantages of both a fast and slow saturable absorber. For instance, Byun et al. reported an erbium-doped (Er-doped) fiber laser mode-locked using the combination of NPE and an saturable absorber, which achieved a repetition rate of 234 MHz, pulse duration of 102 fs, and spectral bandwidth FWHM of 35.8 nm [17] . A similar schematic to realize a repetition rate of 301 MHz, spectral width of 21.5 nm, and pulse duration of 108 fs was presented [18] , in which two diodes are combined by a polarization multiplexer to get a total pump power of 1.2 W, and a pair of silicon flats with large normal group velocity dispersion (GVD) is introduced to balance the gain fiber's anomalous GVD and operate the laser in the stretched pulse regime. However, in the aforementioned cavity configurations, the pump light was directly coupled into the cavity via free-space optics, thus resulting in low pump efficiency and instability of the fiber oscillator. Recently, Kim et al. adopted the fiber-based coupling to this hybrid technique so as to achieve 156 mW high output power but with quite low repetition rate of 49.9 MHz [19] . Besides, those achievable pulse durations [17] [18] [19] were much larger than those obtained from traditional NPE-based mode-locked lasers [20] [21] [22] [23] .
Femtosecond mode-locked fiber lasers with highrepetition rates are attractive for numerous applications, such as high-speed optical sampling for photonic analogto-digital convertor [1] [2] [3] , frequency comb generation for optical frequency metrology [4] , and optical arbitrary waveform generation [5] , etc. There are two basic passive mode-locking mechanisms based on a fast or slow saturable absorber. A fast saturable absorber, including nonlinear polarization evolution (NPE) [6] [7] [8] [9] [10] [11] [12] and nonlinear optical loop mirror (NOLM) [13] , is a common method to generate a broad spectrum and therefore ultrashort pulses due to the large modulation depth and essentially instantaneous response. NPE mode-locked lasers are relatively unstable due to polarization drift caused by environmental disturbance. The NOLM and its variants are unable to obtain high fundamental repetition rates. In comparison, a slow saturable absorber such as saturable Bragg reflector [14] can easily achieve self-starting, and thus mode-locking is thereby stable. However, inevitable pulse shaping caused by slow saturable absorbers limits the pulse duration to an order of picosecond and the spectral bandwidth to a few nanometers. In recent years, the novel saturable absorber materials, such as carbon-nanotube [15] and graphene [16] , which have both fast and slow saturable absorption properties, were widely adopted in mode-locked fiber lasers while the spectral bandwidths were still constrained to a few nanometers.
To alleviate this problem, simultaneous application of two mode-locking techniques in one hybrid laser cavity has been developed, which demonstrate the advantages of both a fast and slow saturable absorber. For instance, Byun et al. reported an erbium-doped (Er-doped) fiber laser mode-locked using the combination of NPE and an saturable absorber, which achieved a repetition rate of 234 MHz, pulse duration of 102 fs, and spectral bandwidth FWHM of 35.8 nm [17] . A similar schematic to realize a repetition rate of 301 MHz, spectral width of 21.5 nm, and pulse duration of 108 fs was presented [18] , in which two diodes are combined by a polarization multiplexer to get a total pump power of 1.2 W, and a pair of silicon flats with large normal group velocity dispersion (GVD) is introduced to balance the gain fiber's anomalous GVD and operate the laser in the stretched pulse regime. However, in the aforementioned cavity configurations, the pump light was directly coupled into the cavity via free-space optics, thus resulting in low pump efficiency and instability of the fiber oscillator. Recently, Kim et al. adopted the fiber-based coupling to this hybrid technique so as to achieve 156 mW high output power but with quite low repetition rate of 49.9 MHz [19] . Besides, those achievable pulse durations [17] [18] [19] were much larger than those obtained from traditional NPE-based mode-locked lasers [20] [21] [22] [23] .
In this Letter, we demonstrate a hybrid scheme of Er-doped mode-locked fiber laser that incorporates the NPE and semiconductor saturable absorber mirror (SESAM). The NPE is intended to shape ultrashort pulses; the SESAM adopted here enables self-starting since the fiber length of the oscillator is too short for NPE alone to achieve it. The incorporation of these two mode-locking mechanisms results in 41.9 fs pulse duration with a fundamental repetition rate of 212 MHz. To the best of our knowledge, this is the shortest pulse duration directly generated from a hybridly mode-locked fiber laser. The pulse duration and repetition rate are even comparable to the best-reported values for Erdoped ring fiber lasers based on only NPE [21] [22] [23] [24] [25] [26] . Figure 1 depicts the sigma configuration of the hybrid laser. The NPE mode-locking is carried out by a counterclockwise cavity, which is composed of a highly Er-doped gain fiber (Liekki ER110-4/125), an OFS-980 fiber pigtail of a 980 nm∕1550 nm wavelength division multiplexer (WDM), two leading fibers (SMF28) of the collimator1 and collimator2, and a set of free-space components (PBS, wave plates, and isolator). PBS acts as the polarizer for the NPE mode locking. The polarizationdependent isolator is inserted after the PBS to allow unidirectional operation of the cavity. The hybrid laser is counter-pumped by a 974 nm laser diode (Oclaro LC96U, a maximum power of 750 mW), and the OFS-980 fiber has a relatively larger nonlinear coefficient than SMF28. In consequence, the NPE action occurs dominantly in the OFS-980 and the SMF28 of the collimator2 while the SMF28 of the collimator 1 located after the output coupler has almost no contribution to the NPE effect due to weak optical power. It is noted that the NPE evolution in the cavity should be optimized by various wave plates.
The collimated beam of the collimator2 is divided into two linear polarization components by the PBS. The horizontal polarization component acts as the laser output. The vertical one enters the linear free-space arm and is then focused by an aspheric lens (focal length 11 mm) onto the SESAM. The SESAM is a commercial unit (BATOP GmbH) with a 6% modulation depth, a 2 ps recovery time, and a 50 μJ∕cm 2 saturation fluence. A quarter-wave plate in the linear arm is employed for the vertical-to-horizontal polarization rotation, which ensures a high-efficiency pass through the PBS. It is noted that a bandpass filter (BPF) with a bandwidth of 40 nm is sandwiched between the PBS and isolator to improve noise performance of the oscillator [27] .
The length and GVD of all fibers are summarized in Table 1 . Considering the GVD of SESAM and free-space bulk components, the net GVD of the whole cavity is estimated to be 1560 fs 2 at the central wavelength of 1550 nm. Therefore the output pulse is slightly upchirped, which will be dechirped with a certain length of SMF28 external to the ring cavity.
The laser output is characterized by a commercial frequency-resolved optical gating (FROG, Grenouille & Frog 15-40) and an optical spectrum analyzer (Yokogawa AQ6370C). The pulse train and RF spectrum are detected by a 16 GHz photodetector (Discovery Semiconductor DSC720), and then analyzed by a 2.5 GHz oscilloscope (Agilent DSO9254A) and a signal source analyzer (R&S FSUP50).
The dependence of the laser's output power on the pump power is shown in Fig. 2 . At the maximum available pump power of 750 mW, the output power of continuous wave and mode-locking pulse are 78.9 and 65 mW, respectively. It indicates an overall pumping efficiency of 10.5%. It is noted that mode-locking is easily achieved by adjusting the wave plates at a pump power beyond 720 mW. Once set, the self-starting single pulse operation is maintained even when the pump power is weakened to 580 mW. The laser is highly stable due to fiber-based pumping and the hybrid mode-locking scheme, and it works normally with no change under 30 h continuous monitoring. Figure 3 illustrates equally spaced pulses emitted from the laser with the repetition rate of 212 MHz, suggesting no signs of dual-pulsing or Q-switched mode-locking operation of laser oscillator. A single-pulse energy is evaluated to be 0.31 nJ at 750 mW pump power. The slight fluctuation in pulse amplitude (see Fig. 3 ) can be attributed to the insufficient bandwidth and resolution of the oscilloscope. Figure 4 depicts a typical optical spectrum and the corresponding FROG trace of this hybridly mode-locked fiber laser at a repetition rate of 212 MHz. The optical spectrum is centered at 1552 nm with a FWHM of about 61.4 nm [see Fig. 4(a) ]. The broad spectral envelope as well as the smooth optical spectrum again confirms the stable single-pulse operation in the fiber laser. Figure 4(b) shows the FROG trace of the dechirped pulse by the SMF28 external to the cavity, which has the minimum pulse duration of 41.9 fs. For comparison, the direct laser output with a pulse duration of 133.8 fs is included Fig. 1 . Configuration of the hybrid laser. PBS, polarization beam splitter; BPF, bandpass filter; ISO, polarization-dependent isolator; λ∕2, half-wave plate; λ∕4, quarter-wave plate; L, aspheric lens; WDM, wavelength-division multiplexer. in the inset of Fig. 4(b) . Assuming that the mode-locked pulses have a sech-function-like profile, the timebandwidth product of the pulses is 0.322, suggesting that it is almost transform-limited. The tiny difference is attributed to some residual chirp induced by fiber nonlinearity in the laser cavity. No pedestal beats can be observed in both sides of the pulses, indicating that temporal beat pedestals are successfully suppressed by nonlinear amplitude modulation in the oscillator with the assistance of the SESAM.
The RF spectrum of the 212 MHz fundamental mode beat is illustrated in Fig. 5(a) . The signal-to-background ratio of the fundamental frequency is up to 70 dB at a resolution bandwidth of 1 kHz, and no sideband is observed within a wide frequency range of 5 MHz. Figure 5(b) shows the RF spectrum of 14 harmonics (up to a frequency of about 3 GHz) at a resolution bandwidth of 10 kHz, which further verifies the high stability of our hybridly mode-locked Er-doped fiber laser.
In conclusion, we have demonstrated a hybridly modelocked femtosecond fiber laser capable of generating 41.9 fs dechirped pulses at a repetition rate of 212 MHz. The laser delivers an average output power of 65 mW at a pump power of 750 mW, corresponding to pulse energy of 0.31 nJ. The FWHM of the optical spectrum is 61.4 nm, and no pedestal beat is observed in both sides of the time-domain pulse. Mode locking is selfstarting and stable over 30 h. It is expectable to realize a repetition rate of >300 MHz based on this scheme if a compact free-space cavity configuration [28] could be substituted for the current 24.5 cm long free-space cavity. The high repetition rate and ultrashort-pulsed fiber laser could be excellent seed sources for the frequency comb generation and photonic analog-to-digital convertor.
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